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MicroscopyThe important role of the cytoskeleton in the morphogenesis of siliceous frustule components, which are
synthesized within the diatom cells, has been revealed due to experiments with microtubule inhibitors. It
has been shown that colchicine entering the diatom cell inhibits polymerization of tubulin, the main pro-
tein of microtubules, thereby disrupting the normal processes of biogenic silica deposition and daughter
valve morphogenesis. In this study, experiments with a synchronized culture of the pennate diatom
Synedra acus have been performed to determine the timing and duration of the formation of various valve
components and analyze the effect of colchicine at a subtoxic concentration on the structure of daughter
valves at different stages of their morphogenesis. Electron microscopic analysis has revealed several
types of micro- and nanoscale anomalies in daughter valve morphology, with their frequency varying
depending on the time of colchicine treatment. Laser scanning microscopy of preparations vitally stained
with Tubulin Tracker Green has shown that polymerized tubulin at early stages of valve morphogenesis is
localized along the periphery of the developing valve. This is evidence for an important role of micro-
tubules in the horizontal growth of the valve at the stage when its general structural pattern is estab-
lished, including its shape and arrangement of basic micro- and nanostructures. Treatment with a
microtubule inhibitor at a certain stage of valve morphogenesis makes it possible to obtain new forms
with a speciﬁc structure of siliceous components that hold promise for use in nanotechnologies.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Diatoms are unicellular, mostly autotrophic organisms covered
with a protective shell (frustule) of amorphous silica that consists
of two valves with various surface structures (slits, ridges, process-
es, pores, etc.) arranged in a speciﬁc pattern (Round et al., 1990).
Diatom frustules widely differ in this pattern as well as in symme-
try, shape, and macro- and microstructure. It is noteworthy that
they have found various biotechnological applications, e.g., as
microcapsules for drug delivery (Gordon et al., 2012), sorbents
with speciﬁed pore sizes, and ﬁlters and biosensors with unique
properties (Dolatabadi and Guardia, 2011).
It is known that siliceous components of the frustule are syn-
thesized within the cell, in a special membrane-bound compart-
ment named silica deposition vesicle (SDV) (Reimann, 1964;
Drum and Pankratz, 1964), but the mechanisms controlling theprocess of silica deposition and valve morphogenesis have not
yet been studied sufﬁciently (Kröger and Poulsen, 2008).
The cytoskeleton of diatoms not only plays a major role in cell
division, as in other eukaryotes, but is also involved in valve mor-
phogenesis, and inhibition of polymerization of tubulin, the main
microtubule protein, leads to various disturbances in this process.
In the marine centric diatom Coscinodiscus granii Gough, confocal
microscopic analysis has revealed a branched microtubule network
radiating from the central portion of a cell undergoing new valve
synthesis and closely associated with the proximal surface of the
newly forming valve, determining its position relative to the moth-
er cell valve (Tesson and Hildebrand, 2010a).
Transmission electron microscopy (TEM) of ultrathin sections of
the marine bicentric diatom Chaetoceros decipiens Cleve has shown
that microtubules form a supporting ‘‘sleeve’’ in siliceous setae of
the new valve (Pickett-Heaps, 1998). During valve morphogenesis
in the marine centric diatom Proboscia alata (Brightwell)
Sundström, a similar sleeve of bundled microtubules is formed in
the growing proboscis tip of the new valve. When its morpho-
genesis is completed, microtubules are distributed over the
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inhibitor oryzalin (0.5 lM) results in overall distortion of proboscis
tips (Van de Meene and Pickett-Heaps, 2002). According to TEM
data, microtubules show tight packing along the raphe and deter-
mine its location and shape during valvemorphogenesis inNavicula
cuspidata (Kützing) Kützing, and the same is true of the raphe canal
in Surrirela robustaEhrenberg andHantzschia amphioxys (Ehrenberg)
Grunow (Pickett-Heaps et al., 1990). Inhibition ofmicrotubule poly-
merization with 5 lM colchicine in the marine raphid pennate dia-
tom Pinnularia sp. Ehrenberg resulted in lateral displacement of the
raphe (Cohn et al., 1989). The effect of colchicine on valve morpho-
genesis in the canal raphid pennate diatoms H. amphioxys and S.
robusta is manifested in fusion of the raphe canal with the valve sur-
face in the former and disturbances in the formation of valvar wings
located around the valve face in the latter (Cohn et al., 1989). It has
been shown that microtubules participate in positioning of submi-
crometer structures such as rimoportulae in C. granii (Tesson and
Hildebrand, 2010a) and that inhibitors of microtubule polymeriza-
tion (colchicine and oryzalin) alter the positions of fultoportulae
(about 300 nm in size) and the structure of the valve edge at the sub-
micrometer scale in Cyclotella cryptica Reimann, Lewin & Guillard
(Tesson and Hildebrand, 2010b).
Although detailed data are available on valve morphogenesis in
Gephyria media W. Arnott (Tiffany, 2002), Synedra acus subsp. radi-
ans (Kütz.) Skabitsch. (Kaluzhnaya and Likhoshway, 2007), Rha-
phoneis amphiceros (Ehr.) Ehr. (Sato et al., 2011), and G. media
Arnott (Tiffany, 2002), the role of microtubules in the formation
of certain structures in the siliceous valves of araphid pennate dia-
toms has not been investigated. The object of this study is the
freshwater araphid pennate diatom S. acus cultivated under labora-
tory conditions (Safonova et al., 2007a). This diatom has long been
used as a model for analyzing mechanisms of silicic acid transport
into the cell and deposition of biogenic silica (Grachev et al., 2002,
2008; Sherbakova et al., 2005; Annenkov et al., 2013) and for geno-
mic (Ravin et al., 2010; Galachyants et al., 2011) andmolecular bio-
logical research (Gabaev et al., 2008; Khabudaev et al., 2014). Data
have been obtained on the ﬁne structure of S. acus cells (Bedoshvili
et al., 2007, 2009, 2012), early steps in the formation of siliceous
valves and consecutive stages of their morphogenesis
(Kaluzhnaya and Likhoshway, 2007), and the effect of germanium
on this process (Safonova et al., 2007b).
The purpose of this study was to analyze in detail the role of
microtubules at different stages of S. acus valve morphogenesis
using several microscopic methods and inhibition of microtubule
polymerization with colchicine. To exclude the inhibitory effect
of colchicine on mitosis, experiments were performed with cul-
tures synchronized by silicon starvation, which resulted in cell
cycle arrest after mitosis and cytokinesis, before the onset of valve
formation. This approach allowed us to reveal the distribution pat-
tern of polymerized tubulin, estimate the duration of basic stages
of siliceous valve morphogenesis, and evaluate the effect of colchi-
cine treatment at certain stages of the cell cycle on the ﬁne struc-
ture of the valves.
2. Material and methods
2.1. Culture conditions
The diatom S. acus subsp. radians from a natural Lake Baikal
population was cultured in DM medium (Thompson et al., 1988)
at 7–8 C and a 12-h photoperiod, with illumination intensity
being 13–16 lmol/m2 s.
To synchronize the culture, diatom cells were pelleted in a
5415R centrifuge (Eppendorf, Germany) at 1000g for 10 min at
10 C, resuspended in 50 mL of silicon-free DM medium, inoculat-
ed in 200-mL plastic culture ﬂasks (TPP, Switzerland), and incubat-ed at 10 C in the dark. After 24 h, a control cell sample (zero time
point) was taken, and the culture was supplemented with sodium
metasilicate (Na2SiO39H2O) to a ﬁnal concentration of 57 lg/mL
and incubated at 7–8 C under illumination (13–16 lmol/m2 s).
2.2. Determination of subtoxic concentration of colchicine
Diatom cells from nonsynchronized culture were plated in a 96-
well CELLSTAR culture plate (well working volume 200 lL) and
incubated with different concentrations of colchicine (1, 0.5, 0.1,
0.05, 0.01, and 0.001 lg/mL) or without it (control) for 4 days.
The plate was periodically examined under an Axiovert 200 micro-
scope (Zeiss, Germany) to count all cells in each well. The results
were used to plot cell growth curves, which were compared to
determine the required concentration of colchicine. The experi-
ment was performed in triplicate. The measurement error in this
and other experiments was estimated using the Statistica 6
program.
2.3. Colchicine treatment at different stages of valve morphogenesis
Colchicine (ﬁnal concentration 0.5 lg/mL) was added to syn-
chronized S. acus culture in 200-mL ﬂasks at intervals of 0.5, 1.5,
2.5, and 3.5 h after the culture was replenished with silicon (see
above). After 0.5-h exposure, diatom cells were washed with dis-
tilled water, pelleted at 1000g for 10 min, transferred to fresh
DM medium with silicon, incubated for 24 h, pelleted again, and
ﬁxed with 70% ethyl alcohol. The experiment was performed in
triplicate.
2.4. Laser scanning microscopy (LSM)
Microtubules were labeled with Tubulin Tracker Green (Oregon
Green 488 Taxol, bis-acetate) (Life Technologies, United States),
which speciﬁcally stains polymerized tubulin in live cells. Tubu-
linTracker™ Green reagent was diluted in 71 lL of anhydrous
DMSO. Staining was performed according to the manufacturer’s
protocol: diatom cells in DM medium were treated with 250 nM
Tubulin Tracker Green for 30 min at 37 C. Thereafter, the cells
were washed in two portions of DM medium, pelleted at 1000g
for 10 min, and examined under an LSM 710 laser scanning micro-
scope with a Plan-Apochromat 63/1.40 Oil DIC M27 objective
lens (Carl Zeiss, Germany). The ﬂuorescence excitation and emis-
sion wavelength for Tubulin Tracker were 488 and 496–647 nm;
those for spontaneous chloroplast ﬂuorescence, 561 and 650–
723 nm, respectively. Microscopic images were processed using
the ZEN 2010 program (Carl Zeiss).
2.5. Preparation of frustule valves for electron microscopy
Diatom cells were boiled in three changes of 6% SDS solution
(UngerFabrikker AS, Norway) in a water bath for 30 min each, with
intermediate washing in ﬁve portions of distilled water, and col-
lected in a 1.5-mL tube (Axygen, United States). Thereafter, they
were treated with concentrated nitric acid (OOO Reaktiv, Russia)
in a water bath for 1 h, washed in three portions of ethyl alcohol,
treated with concentrated hydrochloric acid for 24 h, and washed
in at least ﬁve portions of distilled water. After each step, the mate-
rial was pelleted by centrifugation at 1000g for 10 min.
2.6. Transmission electron microscopy (TEM)
The suspension of cleaned valves (50 lL) was pipetted onto a
formvar-coated copper grid and examined in a Leo 906 E micro-
scope (Carl Zeiss) at an acceleration voltage of 80 kV. Microscopic
images were made with a MegaView II camera (Carl Zeiss). In each
Fig.1. Proportions of daughter valves at different stages of morphogenesis (here and below, relative to the total number of valves examined) at different time points after the
replenishment of S. acus culture with silicon: (a) daughter valves in total; (b, g) stage 1, formation of sternum and rudimentary virgae, TEM; (c, h) stage 2, growth of virgae,
SEM; (d, i) stage 3, growth of virgae to the valve mantle, SEM; (e, j) stage 4, formation of viminae, SEM; (f, k) stage 5, formation of areolae, SEM. Scale bars: (b) 200 nm; (c, d, e,
f) 1 lm.
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Fig.2. Localization of polymerized tubulin (green) at different stages of valve morphogenesis (LSM, Tubulin Tracker Green staining): (a) tubulin associated with the daughter
valve in the zone of girdle bands (girdle view); (b) higher magniﬁcation of the framed area in (a), arrows indicate tubulin localization; (c) tubulin in interphase cell (valve
view); (d) tubulin ring along the girdle bands (5 min after the addition of silicon; valve view); (e) tubulin in a cell from synchronized culture through 0.5 h after the addition of
silicon (valve view; white arrow); (f) girdle view (white arrow) of the cell from the Fig.2e, tubulin. Red is autoﬂuorescence of chloroplasts. Green is tubulin staining. Scale
bars: (a, c) 20 lm; (b, d) 10 lm; (e, f) 5 lm.
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proportion of valves with structural anomalies was recorded.2.7. Scanning electron microscopy (SEM)
The suspension of cleaned valves was pipetted onto a coverslip,
dried, mounted on a stub for SEM, and examined in a QUANTA 200
scanning electron microscope (FEI, United States). As in the case ofTEM, the morphology of 200 valves was analyzed, and the propor-
tion of valves with structural anomalies was recorded.3. Results
3.1. The duration of individual stages of valve morphogenesis
To evaluate the timing of valvemorphogenesis in S. acus, cells for
TEM and SEM analysis were sampled from the synchronized culture
Fig.3. Effect of colchicine on the growth of S. acus culture and valve morphogenesis: (a) culture growth at different colchicine concentrations; (b, c) changes in the proportion
of daughter valves with various structural anomalies depending on (b) colchicine concentration and (c) the time of incubation at the subtoxic colchicine concentration
(0.5 lg/mL).
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time) and 0.5, 1.5, 2.5, and 3.5 h after adding it to the culture
medium.
After 0.5 h, the proportion of daughter valves in the culture
increased from 10% to 45% (Fig.1a). We distinguished the following
stages of valve morphogenesis: the formation of the sternum and
rudimentary virgae (stage 1, Fig.1b), the growth of virgae (stage
2, Fig.1c) and their extension to the mantle (stage 3, Fig.1d), and
the formation of viminae (stage 4, Fig.1e) and areolae (stage 5,
Fig.1f). Most of daughter valves at the 0.5-h time point were at
the ﬁrst two stages (Fig.1g and h), with their proportion decreasing
after 1.5 h (Fig.1i). The active formation of viminae took place after
2.5 h (Fig.1j), and that of areolae, after 3.5 h (Fig.1k). These obser-
vations make it possible to estimate the duration of individual
stages of valve morphogenesis: the new valve begins to form with-
in the ﬁrst 0.5 h after silicon replenishment; virgae are formed
within about 1 h; and the formation of areolae (from the appear-
ance to the complete fusion of viminae) takes no less than 2 h.3.2. Localization of tubulin in S. acus cells
An LSM analysis of nonsynchronized S. acus culture stained with
Tubulin Tracker Green showed that polymerized tubulin in divid-
ing cells concentrated at the interface between them (Fig.2a and
b) but was distributed over the cytoplasm in interphase cells
(Fig.2c). In synchronized culture, polymerized tubulin was local-
ized along the girdle bands during the ﬁrst 5 min after the addition
of silicon (Fig.2d), and its distribution after 0.5 h proved to reﬂect
the arrangement of virgae in the daughter valve (Fig.2e and f), with
its central hyaline area (where no areolae are formed) remaining
unstained (Fig.2e).3.3. Determination of subtoxic concentration of colchicine and its
effect on valve morphogenesis
Experiments on treatment of S. acus culture with colchicine
showed that its concentration of 1 lg/mL was toxic and completely
blocked cell divisions. Lower concentrations inhibited culture
growth, but diatom cells retained the ability to divide (Fig.3a).
Within this concentration range, the proportion of daughter valves
with various structural anomalies (relative to the total number of
valves) reached a peak of 42% at 0.5 lg/mL (Fig.3b). The proportion
of valves with structural anomalies in the culture incubated at this
concentration increased with time to reach 35.7% after 3.5 h and
then changed insigniﬁcantly (Fig.3c). Therefore, the subtoxic con-
centration of colchicine was determined to be 0.5 lg/mL, and the
exposure time in subsequent experiments was 3.5 h.
3.4. Changes in valve structure under the effect of colchicine treatment
at different stages of morphogenesis
Structural anomalies of daughter valves resulting from colchi-
cine treatment were classiﬁed into the following categories
(Fig.4b–i): (1) curvature of the valve wall (Fig.4b), (2) lateral dis-
placement of the axial area (Fig.4c), (3) an altered shape of valve
apex (Fig.4e), (4) displacement of the rimoportula (Fig.4f), (5) dis-
alignment of the rows of areolae (Fig.4h), and (6) occlusion of are-
olae with silica (Fig.4i).
The frequencies of these anomalies varied depending on the
time between the addition of silicon to the synchronized S. acus
culture and the start of colchicine treatment. The proportion of
valves with a curved wall reached a peak of 20.3% when colchicine
was added 0.5 h after silicon replenishment (Fig.4j), and the same
was true of valves with lateral displacement of the axial area
Fig.4. Structural anomalies of daughter valves (b, c, e, f–i) and their frequency distributions (j–o) in S. acus culture treated with colchicine at different stages of the cell cycle:
(a) a fragment of normal valve, TEM; (b, j) curvature of the valve wall (indicated by small arrows, SEM); (c, k) local displacement of the axial area (indicated by small arrows,
TEM); (d) An apical fragment of normal valve with rimoportula (in the circle), SEM; (e, l) an altered shape of the valve apex, SEM; (f, m) displacement of the rimoportula (in
the circle), TEM; (g) a fragment of normal valve with areolae (in the circle), SEM; (h, n) disalignment of the rows of areolae (in the circle), SEM; (i, o) occlusion of areolae, SEM.
Scale bars: (a, b, c) 5 lm; (d, f, i) 2 lm; (e) 3 lm; (g, h) 4 lm.
78 K.V. Kharitonenko et al. / Journal of Structural Biology 190 (2015) 73–80
K.V. Kharitonenko et al. / Journal of Structural Biology 190 (2015) 73–80 79(27.3%) (Fig.4k). Valves with an altered shape of the apex occurred
rarely (Fig.4l), as did valves with a displaced rimoportula (Fig.4m).
The proportion of valves with misaligned (nonparallel) rows of
areolae was the highest (28% of valves) when colchicine was
added after 1.5 h (Fig.4n), and that of valves with areolae occluded
with silica, when it was added at later stages, after 2.5 or 3.5 h
(Fig.4o).4. Discussion
Thus, the structure of frustule valves in araphid pennate dia-
toms is determined at the initial stages of morphogenesis, namely,
the formation of a sternum—a longitudinal rib (Mann, 1984) which
is the basic axial element of the daughter valve (Kaluzhnaya and
Likhoshway, 2007, ﬁg. 5b; Sato et al., 2011, ﬁg. 4)—and horizontal
growth (Schmid et al., 1981) during which silica is deposited radi-
ally from the sternum in a species-speciﬁc pattern. These processes
take place in a special organelle (SDV) (Reimann, 1964; Drum and
Pankratz, 1964) and are controlled by the cytoskeleton.
It is known that the S. acus cell cycle may take more than 24 h
(Kaluzhnaya and Likhoshway, 2007). The results of our experi-
ments with a synchronized culture of this diatom show that the
general structural plan of daughter valves is established within
the ﬁrst 3.5 h after silicon replenishment, with microtubules play-
ing the key role in the early processes of their morphogenesis.
In these experiments, colchicine was used as an inhibitor of
microtubules. This drug is known to prevent the formation of
new microtubules by binding to their growing tips, thereby pre-
venting their polymerization (Borisy and Taylor, 1967; Olmsted
and Borisy, 1973; Creighton, 1999). We determined the subtoxic
concentration of colchicine (0.5 lg/mL) at which S. acus cells
retained the ability to divide but a large proportion of daughter
valves had structural anomalies (about 40% of the total number
of valves examined) (Fig.3). Taking into account the presence of
mother valves in the samples and the duration of the cell cycle,
it appears that most of daughter valves were deformed.
Microtubules are known to recover after the removal of colchi-
cine from the medium (Cassimeris et al., 2011, pp. 358–359), but
structural disturbances resulting from its impact on the morpho-
genesis of siliceous valves are irreversible. Using a synchronized
S. acus culture, we estimated the duration of consecutive stages
of valve morphogenesis (Fig.1) and analyzed the consequences of
a ‘‘point impact’’ of colchicine on each individual stage (Fig.4).
The results showed that morphogenetic disturbances induced at
early stages persist after the end of colchicine treatment and even
cause anomalies in structures and characters formed at later
stages. Thus, colchicine treatment of synchronized culture at
0.5 h after silicon replenishment, when the sternum and rudimen-
tary virgae are formed (Fig.1b and c), proved to result in curvature
of the wall and displacement of the axial ﬁeld in daughter valves
(Fig.4b and c). Apparently, the inhibition of microtubules reduces
the tension force of as yet weakly siliciﬁed and ﬂexible sternum.
It is logically to assume that the main role in this case is likely
played by microtubules located apically, since some daughter
valves from the same sample had anomalies in the shape of the
apex and apical pore ﬁeld (Fig.4e and l). It is noteworthy that dis-
alignment of the rows of areolae was also observed in a consider-
able proportion of daughter valves (15%) after colchicine treatment
at the 0.5-h stage of their morphogenesis (Fig.4n). In our opinion,
such anomalies result from curvature or any other deviation from
the linear shape of the sternum and irregularity in the arrangement
of the rudimentary virgae, or ﬁrst-order branches (Schmid et al.,
1981), whose positions may be determined by laterally extending
microtubules.As shown previously, the position of the rimoportula in S. acus is
determined prior to the formation of the apical pore ﬁeld and vimi-
nae, second-order siliceous branches (Kaluzhnaya and Likhoshway,
2007, ﬁg. 26), as in another araphid pennate diatom R. amphiceros
(Sato et al., 2011, ﬁg. 20). This is why microtubule inhibition during
the ﬁrst 0.5 h of valve not only distorts the shape of the apex but
also blocks the formation of the apical pore ﬁeld and rimoportula
(Fig.4e and f), and such treatment at the 1.5-h stage leads reduc-
tion of the apical pore ﬁeld and displacement of the rimoportula
Note that colchicine application at later stages, after 2.5 and
3.5 h, causes no such disturbances (Fig.4l and m).
As follows from our data, microtubules are also important for
the formation of submicrometer structures, areolae in particular.
These are pores in the valve walls with an average diameter of
about 100 nm (Fig.4g), which are formed as a result of fusion
between oppositely located viminae (Fig.1f). Active growth of the
viminae takes place at about 2.5 h of valve morphogenesis (Fig.1e)
and appears to require the synthesis of new microtubules, since
colchicine treatment at 2.5- and 3.5-h stages proved to interfere
with the formation of areolae: their arrangement in some valves
was irregular and sparse, with the areolae themselves being small
and often occluded with silica (Fig.4i and o).
The distribution of microtubules in the course of valve morpho-
genesis is dynamic, with their accumulation in a given area taking
place only in a certain time interval. As shown by LSM analysis of
preparations stained for polymerized tubulin, microtubules in
interphase cells are distributed over the cytoplasm (Fig.2c), but
within only 5 min after resumption of the cell cycle they form a
ring in the zone of girdle bands, where the daughter valve is
formed (Fig.2e), and regulate its horizontal growth by applying
tension to the SDV. Tubulin localization along the girdle bands in
the S. acus (Fig.2e and f) indicates that the forming valve is sup-
ported with microtubules at the early stages of the valve morpho-
genesis as well as in the cells of other species (Schmid and Volcani,
1983; Losic et al., 2006; Losic et al., 2007; Tesson and Hildebrand,
2010a, b etc.). Similar functions of the microtubules were shown in
the cells of various organisms. It was revealed the morphology
changes of the trichomes after treatment of these growing struc-
tures with orysalin or paclitaxel. Trichome morphogenesis is under
control of cortical microtubule arrays which affect on the their
growth orientation (Baskin et al., 1994; Mathur and Chua, 2000).
The microtubule inﬂuence on the valve morphogenesis in diatoms
may differ from it during the trichome growth. According to recent
publication (Tesson and Hildebrand 2010a, b etc.) the microtubules
form the bundles as well as the microtubule bundles which is char-
acteristic feature for the axons (Prokop, 2013) or the plant cells
during the phragmoplast formation (Murata et al., 2013).
Thus, our experiments on microtubule inhibition by colchicine
in a culture of the freshwater pennate diatom S. acus and analysis
of the results by methods of scanning and transmission electron
microscopy have shown that microtubules in this species control
valve morphogenesis on micro- and nanoscales, determining the
shape of the valve, position of the axial hyaline ﬁeld, locations
and size of the areolae, orientation of their rows, formation of
the apical pore ﬁeld, and position of the rimoportula.
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